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Abstract. Time dependent cosmic ray modulation in the
inner heliosphere is studied by comparing results from a 2-
D, time-dependent cosmic ray transport model with Ulysses
observations. A compound approach, which combines the
effects of the global changes in the heliospheric magnetic
ﬁeld magnitude with drifts to establish a realistic time-
dependence, in the diffusion and drift coefﬁcients, are used.
We show that this model results in realistic cosmic ray mod-
ulation from the Ulysses launch (1990) until recently (2004)
when compared to 2.5-GV electron and proton and 1.2-GV
electron and Helium observations from this spacecraft. This
approach is also applied to compute radial gradients present
in 2.5-GV cosmic ray electron and protons in the inner helio-
sphere. The observed latitude dependence for both positive
and negative charged particles during both the fast latitude
scan periods, corresponding to different solar activity condi-
tions, could also be realistically computed. For this an ad-
ditional reduction in particle drifts (compared to diffusion)
toward solar maximum is needed. This results in a realis-
tic charge-sign dependent modulation at solar maximum and
the model is also applied to predict charge-sign dependent
modulation up to the next expected solar minimum.
Keywords. Interplanetary physics (Cosmic rays; Energetic
particles) – Solar physics, Astrophysics and astronomy
(Magnetic ﬁelds)
1 Introduction
The full understanding of solar cycle related changes in the
observed cosmic ray intensities over an 11-year cycle is still
a major issue in cosmic ray modulation theory. Using a
numerical model, it was shown by Perko and Fisk (1983),
see also le Roux and Potgieter (1989), that the heliospheric
modulation of cosmic rays over long periods requires some
form of propagating diffusion barriers. This is especially true
when periods of maximum solar modulation are considered
when clear step decreases in the intensities were observed.
Correspondence to: S. E. S. Ferreira
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The largest form of these diffusion barriers is known as
global merged interaction regions (GMIRs), as introduced by
Burlaga et al. (1993). Equally important to long-term cos-
mic ray modulation are gradient, curvature and current sheet
drifts (Jokipii et al., 1977), as conﬁrmed by comprehensive
modeling done by Potgieter et al. (1993) and le Roux and
Potgieter (1995). These authors also showed that it was pos-
sible to simulate, to the ﬁrst order, a complete 11-year proton
modulation cycle by including a combination of drifts and
GMIRs in a comprehensive time-dependent model.
More recently, Cane et al. (1999) and Wibberenz et
al. (2002) argued that the cosmic ray step decreases observed
at Earth could not be primarily caused by GMIRs because
these decreases occurred before any GMIR could form be-
yond 10AU. Instead, they suggested that time-dependent
global changes in the heliospheric magnetic ﬁeld (HMF)
might be responsible for long-term modulation. This ap-
proach was modeled and tested by Ferreira (2002), who
could simulate an 11-year modulation cycle successfully for
cosmic ray observations at neutron monitor energies (e.g.
16GV), see also Ferreira and Potgieter (2004). However, for
rigidities <5GV this approach resulted in far less modula-
tionthanwhatwasobserved, sothatamodiﬁedapproachwas
proposed, known as the compound approach. This approach
combines the effects of the global changes in the HMF mag-
nitudewithdrifts, thereforealsotimedependentcurrentsheet
“tilt angles”, in order to establish realistic time-dependent
diffusion coefﬁcients. The compound model was described
by Ferreira (2002); see also Potgieter and Ferreira (2001),
Potgieter et al. (2001) and Ferreira and Potgieter (2004).
They used this approach to compute realistic global cosmic
ray modulation over a full 11-year and 22-year modulation
cycle. Although in lesser detail, cosmic ray intensities in
the outer heliospheric regions could be reproduced realisti-
cally as compared to, for example, Voyager 1 and 2 obser-
vations (Ferreira and Potgieter 2004). They concluded that
GMIRs could not be ruled out as the cause of the very large
step decreases during solar maximum activity in the outer
heliosphere. However, they also found that this straightfor-
ward approach to global particle drifts resulted in effects that
were too large during extreme solar maximum periods when1062 D. C. Ndiitwani et al.: Modelling cosmic ray intensities along the Ulysses trajectory
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Figure 1. The parallel mean free path (l|| ) as a function of rigidity given by Equation (2). 
Shown here are the values at three different radial distances in the equatorial plane.  
 
 
 
 
Fig. 1. The parallel mean free path (λ||) as a function of rigidity
given by Eq. (2). Shown here are the values at three different radial
distances in the equatorial plane.
they considered the ﬁner detail of time-dependent charge-
sign modulation. In order to reproduce the observed charge-
sign dependence, they concluded that apart from the time-
dependence of the diffusion tensor, deduced from the time
dependence of the solar magnetic ﬁeld, the “drift coefﬁcient”
needed an additional reduction, compared to diffusion, to
even a point of no drifts at solar maximum.
In this work, the focus is on this additional reduction in
particle drifts toward solar maximum and what is required in
order to simulate more realistic charge-sign dependent mod-
ulation as compared to the classic compound modeling done
by, for example, Ferreira and Potgieter (2004). In particular,
modelling results are compared to 2.5-GV electron and pro-
ton intensities and 1.2-GV electron and Helium intensities
along the Ulysses trajectory. By computing realistic cosmic
ray modulation as compared to Ulysses observations from
launch (1990) up to date (2004), the model is further applied
to predict charge-sign dependent modulation for the next few
years by making reasonable estimates of the modulating pa-
rameters. It is shown that the continued analysis of Ulysses
observations will be of great importance to fully understand
the role of particle drifts, and cosmic ray transport in the
A<0 polarity cycle in the next few years. Finally, this modi-
ﬁed compound approach is also applied to compute the radial
gradients for 2.5-GV cosmic ray electrons and protons in the
inner heliosphere.
2 The transport model and parameters
To calculate cosmic ray intensities along the Ulysses trajec-
tory, a 2-D time dependent modulation model, as described
by le Roux and Potgieter (1989), is used. This model was
modiﬁed to include the simulation of the heliospheric cur-
rent sheet as developed by Hattingh and Burger (1995). The
model is based on a numerical solution of Parker’s (1965)
time-dependent transport equation:
∂f
∂t
= −(V + hvDi) · ∇f + ∇ · (Ks · ∇f)
+
1
3
(∇ · V)
∂f
∂ lnP
+ Jsource, (1)
where f(r,P,t) is the cosmic ray distribution function; P
is rigidity, r is position, V is the solar wind velocity and t
is time. The terms on the right-hand side represent convec-
tion, gradient, and curvature drifts, diffusion, adiabatic en-
ergy changes, and a source function, respectively. The tensor
Ks consists of a parallel diffusion coefﬁcient (K||) and two
perpendicular diffusion coefﬁcients, in the radial direction
(K⊥r) and in the polar direction (K⊥θ). The pitch angle av-
eraged guiding center drift velocity for a near isotropic cos-
mic ray distribution is given by <vD>=∇×(KAeB), with
eB=B/Bm, and Bm as the magnitude of the modiﬁed back-
ground HMF, with KA as the off-diagonal element of the full
diffusion tensor.
This equation was solved time-dependently for both
the so-called A>0 (∼1970–1980; ∼1990–2001) and A<0
epochs (∼1980–1990; >2001), using as time-dependent in-
put parameters the time varying “Hoeksema tilt angles”, α
(see Wilcox Solar Observatory: http://quake.stanford.edu/),
and the measured HMF values at Earth (see NSSDC CO-
HOWeb: http://nssdc.gsfc.nasa.gov/cohoweb), as shown in
Fig. 2. Note that these parameters which are measured at
Earth are propagated outward into the heliosphere with the
solar wind speed. Two different Hoeksema-models exist for
calculating α; the “classic” model uses a line-of-sight bound-
ary condition and the “new” model user a radial bound-
ary condition at the photosphere (Hoeksema, 1992). Fer-
reira (2002) found that the α with the smallest rate of change
over a period of decreasing or increasing solar activity pro-
vides the best compatibility with cosmic ray observations –
see also Ferreira and Potgieter (2003a; 2004). Therefore,
in this work, where the modulation of cosmic rays is ex-
plored over 22 years, α the values of corresponding to the
“new” model are used for periods of increasing solar activity
(1976.0–1979.9, 1987.4–1990.0 and 1995.5–2000.0) and α
the values of corresponding to the “classic” model are used
for periods of decreasing solar activity (1979.9–1987.4 and
1990.0–1995.5).
The outer modulation boundary was assumed at 120 AU,
where the different local interstellar spectra (LIS) were spec-
iﬁed (for electrons the LIS from Langner et al., 2001; for
protons the LIS from Moskalenko et al., 2002; for the He-
lium the LIS from Webber, 1987). The solar wind speed
V was assumed to change from 400km s−1 in the equato-
rial plane (polar angle θ=90◦) to a maximum of 800kms−1
when θ =0◦–60◦ and θ=120◦−180◦ for solar minimum con-
ditions (McComas et al., 2001), while for solar maximum
V=400kms−1 for all polar angles. The model was assumed
to be symmetric with respect to the polar axis. The effects of
time-dependence in the latitude dependence of the solar wind
speed on the modulation of cosmic rays, in particular for low
energy electrons, were illustrated by Ferreira et al. (2003b).
For the parallel diffusion coefﬁcient we assume:
K|| =
v
3
λ||(r,P). (2)D. C. Ndiitwani et al.: Modelling cosmic ray intensities along the Ulysses trajectory 1063
Here
λ||(r,P) = λ1(r,P) × λ2(r,P) × f2(t) with f2(t) =

B0
B(t)
n
,
where
λ1(r,P) =
5
3

(0.0106AU) ×

(P/P0)1/3 + 3.57
 
0.5112+(P/P0)21/4

+(r/r0)1.4 × 10−9 (P/P0)2


and
λ2(r,P) =
c1(P) + 0.08
c1(P) × (r/r0)−2.30 + 0.08 × (r/r0)0.37
with
c1(P) = 83.0

0.02
1000P/P0
0.75
.
In Eq. (2) r0=1AU, P0=1MV and λ1 (in AU) give the rigid-
ity (in MV) dependence of λ|| at Earth, as given by Teufel
and Schlickeiser (2002) for the damping model of dynamical
turbulence (see also Bieber et al., 1994).
These theoretical studies usually concentrate on the region
between the Sun and the Earth, so that the radial dependence
beyond 1AU of the diffusion coefﬁcients is not calculated.
In this work we assume the radial dependence which was
calculated by, for example, Ferreira (2002) and Ferreira et
al.(2004)andgivenbyλ2, whichgaverealisticelectronmod-
ulation at all energies of interest. The term at the end of
λ1 was inserted to assist us in constructing the radial depen-
dence of λ|| in the rest of the heliosphere and has no effect at
1AU. The parallel mean free path given by Eq. (2) is shown
in Fig. 1 as a function of rigidity for three different radial dis-
tances in the heliosphere. For distances beyond Earth, λ|| in-
creases signiﬁcantly up to ∼10AU, and gradually thereafter.
This is because different models for turbulence dominates in
different parts of the heliosphere. (For details concerning
these models, see Zank et al. 1998). The function f2(t), in
Eq. (2) (Ferreira and Potgieter 2004), determines the time-
dependence of all the diffusion coefﬁcients and is discussed
below.
Concerning perpendicular diffusion (see, e.g. Stawicki
2004; le Roux et al., 1999) it has become standard prac-
tice when using numerical modulation models to scale K⊥
as K||(e.g. K´ ota and Jokipii, 1998; Burger et al., 2000). For
a theoretical motivation, see le Roux et al. (1999). For K⊥r
and K⊥θ we assumed that
K⊥r = 0.02

P
P0
0.3
K|| and K⊥θ/K|| = bF(θ) (3)
with b=0.02. These expressions results in K⊥r/K||≥ 0.02
for P≥1GV and K⊥θ/K||=0.02 (in the equatorial plane),
as required by the simulations done by Giacalone and
Jokipii (1999). Furthermore, Burger et al. (2000) illustrated
that in order to produce the correct magnitude and rigidity
dependence of the observed latitudinal cosmic ray proton
density gradient by Ulysses, enhanced latitudinal transport
  16
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Fig. 2. Top Panel: The time varying “Hoeksema tilt angles”, α
(see Wilcox Solar Observatory: http://quake.stanford.edu/). Mid-
dle Panel: The measured HMF values at Earth (see NSSDC CO-
HOWeb: http://nssdc.gsfc.nasa.gov/cohoweb. Bottom Panel: The
corresponding time dependence f2(t) of the diffusion coefﬁcients,
see Eq. (2), for the period 1990 to 2004.
is required (see also Potgieter et al., 1997). This is accom-
plished by increasing K⊥θ toward the poles by a factor 6, via
the function F(θ), with respect to the value in the equatorial
plane. For details, see, e.g. Burger et al. (2000), Ferreira et
al. (2001).1064 D. C. Ndiitwani et al.: Modelling cosmic ray intensities along the Ulysses trajectory
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Fig. 3. Solutions of the compound modeling for different values
of the drift constant (KA)0 in Eq. (4). Shown from top to bot-
tom are model results corresponding to (KA)0=1.0, 0.8, 0.6, 0.5,
0.3, 0.2, 0.0, respectively. Shown in Fig. 3a are different computed
2.5-GV proton intensities and in Fig. 3b 2.5-GV electron intensities
along the Ulysses trajectory in comparison with Ulysses/KET ob-
servations (Heber et al., 2003), with protons in the energy range
from 250–2000MeV and electrons from 400–4000MeV. For all
model calculations the HMF switches polarity (from A>0 to A<0)
at 2000.2, as indicated by the thick vertical line.
The drift coefﬁcient is changed time-dependently as fol-
lows:
KA = (KA)0
Kdrift(P)
3Bm
f2(t) with Kdrift(P)
= βP
DfakP2
DfakP2 + 1
(4)
and with Bm as the Parker HMF but modiﬁed in the helio-
spheric polar regions similar to what Jokipii and K´ ota (1989)
proposed; Dfak=10.0 in units of (rigidity)−2 which causes
drifts to be somewhat reduced at lower rigidities as explained
by Burger et al. (2000); (KA)0=1.0, and β is the ratio be-
tween the particle speed to the speed of light.
The function f2(t), in Eq. (2), with B0=5nT, determines
the time-dependence of all the diffusion coefﬁcients as a
function of the measured HMF at Earth, B(t), which is in-
terpreted to be an elementary representation of turbulence
over a solar cycle. Ferreira and Potgieter (2004) illustrated
that n could not be a constant and had to change with time
(and rigidity), where this time dependence must be related to
solar activity. From a drift point of view, the obvious choice
was the time-varying α. The compound approach for long-
term cosmic ray modulation was consequently proposed by
assuming n=α /α0, with α0 as a constant which may vary
with rigidity. In Fig. 2, this time dependence in the diffusion
coefﬁcients f2(t) (Eq. (2) with α0=18) is shown for the pe-
riod1990upto2000. Evidently, thediffusioncoefﬁcientsare
larger (∼ a factor of 10 or more depending on the rigidity) at
solar minimum than at solar maximum − see also Cummings
and Stone (2001) − and are highly time-dependent. These
time dependent changes are propagated outwards into the
heliosphere at the solar wind speed causing time-dependent
diffusive barriers to move from 1 AU and beyond. Note that
these barriers may also merge, eventually, but no merging
was allowed for this work. Also, the spatially 2-D nature of
the model means that we average the cosmic ray intensities
over one solar rotation. Therefore, the effects of recurrent
features of the solar wind speed, like corotating interaction
regions, onthemodulationofhighenergycosmicraysarenot
considered (see Potgieter et al., 1993; Potgieter and le Roux,
1994 and Kissmann et al., 2003). However, these merged
interaction regions contribute little to long-term modulation
(e.g. Potgieter and le Roux, 1994) and the concept of global
merged interaction regions (propagating diffusive barriers) is
needed to simulate cosmic ray modulation successfully.
3 Results and discussion
To compute a realistic amplitude in the 11-year and 22-year
modulation cycles of cosmic ray intensities, Ferreira (2002)
and Ferreira and Potgieter (2004) assumed a highly time-
dependent f2(t) in Eq. (2) where n=α /α0 and α0=11. Al-
though resulting in a realistic computed modulation ampli-
tude over a solar cycle, these authors showed that there was
still too much drift present for intermediate to large solar ac-
tivity when charge-sign dependent modulation are studied.
Therefore, in this work, the ﬁrst computed results focus on
the level of drifts required to reproduce proton and elec-
tron observations from the Ulysses/KET instrument (Heber
et al., 2003) from 1991 to 2004. In Fig. 3 the results from
the compound model are shown for different values of the
drift constant (KA)0 in Eq. (4). Shown from top to bot-
tom are solutions with (KA)0=1.0, 0.8, 0.6, 0.5, 0.3, 0.2,
0.0, respectively. In comparison protons in the energy range
from 250–2000MeV and electrons from 400–4000MeV areD. C. Ndiitwani et al.: Modelling cosmic ray intensities along the Ulysses trajectory 1065
shown. In Fig. 3a the corresponding computed 2.5-GV pro-
ton intensities are shown and in Fig. 3b the corresponding
2.5-GV electron intensities along the Ulysses trajectory in
comparison with the observations. For all the computations
it is assumed that the HMF switches polarity (from A>0 to
A<0) at 2000.2, as indicated by the thick vertical line. In
contrast to Ferreira and Potgieter (2004) a smaller amplitude
in the time dependence, f2(t), in the diffusion (and drift) pa-
rameters is assumed by setting α0=18 in n=α /α0 in Eq. (2).
Comparing the solutions with diminishing drifts to the obser-
vations in Fig. 3 demonstrates that using (KA)0=1.0 (the top
line) results in realistic modulation for solar minimum condi-
tions (1996–1998) but for intermediate to maximum activity
the computations are much higher than observed. In order to
improve this, (KA)0 has to be reduced progressively toward
solar maximum, even to the level of zero drifts at extreme
maximum activity. This results in realistic levels of modula-
tion over the 11-year cycle for both the 2.5-GV protons and
electrons. This means that the “drift coefﬁcient” is reduced
signiﬁcantly more with time than the other diffusion coefﬁ-
cients, in order to compute realistic charge-sign dependent
modulation up to when the HMF polarity reverses. There-
fore, f2(t), as shown in Fig. 2, combined with the reduction
of (KA)0, is indicative of the level of drifts as a function of
time over a full 11-year modulation cycle.
Figure 4 shows the total amount of drifts needed in the
model (red line) given by f2(t)(KA)0, to compute a modula-
tion compatible to Ulysses/KET observations for the various
stages of the solar cycle. The percentage drifts (on the left-
hand side) is shown with respect to the varied tilt angle α
as used in the model (see discussion above), for a proxy for
solar activity. Shown here is that the percentage of drifts cor-
relates with solar activity, with large drifts needed for solar
minimum, and almost no drifts for solar maximum. (Note
that values are shown from small at the top, to large at the
bottom, on the right-hand side of the ﬁgure). During so-
lar minimum periods, drifts are obviously large, varying be-
tween 80% and 100% for at least three years around solar
minimum. As soon as intermediate solar activity starts with
a decrease in tilt angle, drifts follow suit to increase the mod-
ulation. During solar maximum conditions drifts reduced to
less than 10% for most of this period.
Figure 5 shows computed intensities along the Ulysses
trajectory using the model with the modiﬁed compound ap-
proach and parameters as described above. In comparison
Ulysses KET observations (Heber et al., 2003) are shown for
2.5-GV protons and electrons, and for 1.2-GVHe and elec-
trons (See also Clem et al., 2002) in Figs. 3a–d, respectively.
TheHMFswitchespolarity(fromA>0toA<0)at2000.2, as
indicated by the thick line. The vertical dashed lines indicate
thebeginningandtheendoftheﬁrstfastlatitudescan(FLS1)
andthesecondfastlatitudescan(FLS2)oftheUlyssesspace-
craft. These results illustrate that the model gives realistic
modulation for the different cosmic ray species at the given
rigidities. During the FLS1 (close before solar minimum),
the 2.5-GV proton and 1.2-GV Helium intensities show a
noticeable latitudinal dependence, and which coincided with
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Figure 3. Solutions of the compound modeling for different values of the drift constant (KA)0 
in Equation 4. Shown from top to bottom are model results corresponding to (KA)0 = 1.0, 0.8, 
0.6, 0.5, 0.3, 0.2, 0.0, respectively. Shown in Figure 3a) are different computed 2.5 GV proton 
intensities an in 3b) 2.5 GV electron intensities along the Ulysses trajectory in comparison 
with Ulysses/KET observations (Heber et al. 2003) with protons in the energy range from 
250-2000 MeV and electrons from 400-4000 MeV. For all model calculations the HMF 
switches polarity (from A > 0 to A < 0) at 2000.2, as indicated by the thick vertical line. 
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Figure 4. The percentage of drifts (red line) in the model, described by f2(t)(KA)0, that gives  
realistic modulation for various stages of the solar cycle for both the 2.5 GV electron and 
protons as shown in Figure 3. As a proxy for solar activity the tilt angles as used in the model 
is shown by the black line. Note the scale on the right hand side. 
 
 
Fig. 4. The percentage of drifts (red line) in the model, described
by f2(t)(KA)0, that gives realistic modulation for various stages of
the solar cycle for both the 2.5-GV electron and protons, as shown
in Fig. 3. As a proxy for solar activity the tilt angles as used in the
model are shown by the black line. Note the scale on the right-hand
side.
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Figure 5.  The computed intensities along the Ulysses trajectory with model parameters 
described in the text. In comparison Ulysses KET observations (Heber et al. 2003) are shown 
for 3a) 2.5 GV protons, 3b) 2.5 GV electrons, 3c) 1.2 GV He and 3d) 1.2 GV electrons (See 
also Clem et al. 2002) respectively. For all model calculations it is assumed that the HMF 
switches polarity (from A > 0 to A < 0) at 2000.2, as indicated by the thick vertical line. 
Shown as vertical dashed lines are the beginning and the end of the first fast latitude scan 
(FLS1) and the second fast latitude scan (FLS2) of the Ulysses spacecraft of which the 
trajectory in radial distance and latitude is shown in the middle panels. 
 
 
 
Fig. 5. The computed intensities along the Ulysses trajectory with
modelparametersdescribedinthetext. IncomparisonUlyssesKET
observations (Heber et al. 2003) are shown for Fig. 3a (2.5-GV pro-
tons), Fig. 3b (2.5-GV electrons), Fig. 3c (1.2GV He) and Fig. 3d
(1.2-GV electrons) (see also Clem et al., 2002), respectively. For
all model calculations it is assumed that the HMF switches polar-
ity (from A>0 to A<0) at 2000.2, as indicated by the thick vertical
line. Shown as vertical dashed lines are the beginning and the end
of the ﬁrst fast latitude scan (FLS1) and the second fast latitude scan
(FLS2) of the Ulysses spacecraft, of which the trajectory in radial
distance and latitude is shown in the middle panels.1066 D. C. Ndiitwani et al.: Modelling cosmic ray intensities along the Ulysses trajectory
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Fig. 6. Computed radial gradients as a function of time in the
inner heliosphere based on results shown in Fig. 5. Values are
shown along the Ulysses trajectory (top panel), near the helio-
spheric poles (middle panel) and in the equatorial plane (bottom
panel), for 2.5-GV electrons (red dashed line) and 2.5-GV protons
(black solid line). For all model calculations it is assumed that the
HMF switches polarity (from A>0 to A<0) at 2000.2.
solar maximum activity disappears for the FLS2 period. The
time dependence in the latitudinal dependence is modeled re-
alistically by assuming K⊥θ, as in Eq. (3). The 1.2-GV and
2.5-GV electron observations show no latitude dependence
for the FSL1 and FLS2, a modulation feature which is also
successfully reproduced by the compound approach. Also
shown in Fig. 5 is that the modulation steps occurring in the
Ulysses/KET observations, especially in 1994 and between
1998 and 2000, can be reproduced with the model.
Also modelled realistically are the recovery times after so-
lar maximum, which started around 2001 in the observed
cosmic ray intensities and clearly differ depending on the
charge of the cosmic rays. For both the 1.2- and 2.5-GV
electrons the observed and computed intensities increase sig-
niﬁcantly after/during solar maximum conditions, compared
to the 1.2-GV Helium and proton intensities. These particle
exhibit longer recovery times. This is due to drift effects,
since a positively charged particles transport into the inner
heliosphere is expected to be faster over the poles, as in the
A>0, than along the HCS, as in the A<0.
Apart from computing realistic latitudinal gradients, as
shown indirectly in Fig. 5, it is shown in Fig. 6 that this
model can also compute radial gradients of which the fea-
tures are comparable to observations. To compute this, the
procedure as described in Heber et al. (2002) is followed.
Concerning the observations, Clem et al. (2002) reported that
the radial gradient of cosmic ray electrons in the heliosphere
at rigidities of 1.2 and 2.5GV from 1 to 5AU appears to be
the same as those for positive particles of the same rigidity.
Furthermore, Heber et al., 2002 showed that the radial gradi-
ent of 2.5-GV protons increased from 2.2%/AU to 3.5%/AU
from solar minimum to maximum, respectively, making a
time-dependentdeterminationoftheelectronradialgradients
mandatory. It was also shown by, for example, Fujii and Mc-
Donald (2001) that the radial gradient for protons varies with
polarity; it is larger in an A<0 than in an A>0 solar magnetic
epoch
Figure 6 shows the time-dependent radial gradients in the
inner heliosphere, computed with the compund approach. It
is based on the computed modulation of protons and elec-
trons as shown in the previous ﬁgure. Values are shown
along the Ulysses trajectory, (top panel), near the helio-
spheric poles (middle panel) and in the equatorial plane (bot-
tom panel) for electrons (red dashed line) and protons (black
solid line). Shown here is that in the equatorial regions,
and for solar minimum conditions (1995–1998), the elec-
trons have a radial gradient of ∼2.9 %/AU while the pro-
tons have ∼1.9 %/AU, for the A>0 polarity cycle. The lat-
ter is in good agreement with values reported by Heber et
al. (2002). For solar maximum there is a general increase,
apart from a high variablity, in the radial gradients for both
particle species in the equatorial regions. The values are also
quite similar for protons and electrons, primarily caused by
the small levels of drifts present. For these extreme solar
activity periods both the 2.5-GV electrons and protons have
a very ﬂuctuating gradient, varying between 3–4%/AU (see
also Heber et al., 2002), up to even 5%/AU on shorter time
scales. Similar values were found by Heber et al. (1993) for
the solar maximum periods of 1990–1992, where the radial
gradient was found to be 4.9±1.3%/AU. Interesting is that
after 2000.2, when the HMF switches polarity from A>0 to
A<0 in the model, a general decrease in the radial gradients
occur, and the electron radial gradient becomes larger than
the proton gradient, indicative of how the radial gradients
vary with HMF polarity.
For the polar regions, shown in Fig. 6, almost the oppo-
site occurs. Here the electrons have a smaller gradient of
∼1.9%/AU compared to protons at ∼2.9%/AU for the solar
minimum conditions in the A>0 polarity cycle. For solar
maximum, the gradients of both particle species increase, as
do the differences between them. However, there values dif-
fer between 4–5%/AU for both the electrons and the protons.
After the polarity reversal in 2000.2 the electron radial gra-
dient becomes larger than the proton gradient.
Concerning charge-sign dependent modulation and the
HMF polarity reversal Fig. 7 shows the computed 1.2-
GVe/He and 2.5-GVe/p ratios along the Ulysses trajectory.
In comparison the Ulysses/KET observations (Heber et al.,
2003) are shown. Values are normalized to 1.0 at the start
of the Ulysses mission. It follows that the decrease in the
observed and computed e/p and e/He toward solar minimumD. C. Ndiitwani et al.: Modelling cosmic ray intensities along the Ulysses trajectory 1067
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Figure 7. Computed 1.2 GV e/He and 2.5 GV e/p ratios along the Ulysses trajectory. In 
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polarity, from A > 0 to A < 0, in the model at 2000.2, as indicated by the thick vertical line. 
As before the vertical dashed lines indicate the beginning and the end of first (FLS1) and 
second fast latitude scan (FLS2) of the Ulysses spacecraft. Values are normalized to 1.0 at the 
start of the Ulysses mission in 1991. 
 
 
 
 
 
Fig. 7. Computed 1.2-GV e/He and 2.5-GVe/p ratios along the
Ulysses trajectory. In comparison the Ulysses/KET observations
(Heber et al., 2003) are shown. The HMF switches polarity, from
A>0 to A<0, in the model at 2000.2, as indicated by the thick ver-
tical line. As before, the vertical dashed lines indicate the beginning
and the end of ﬁrst (FLS1) and second fast latitude scan (FLS2) of
the Ulysses spacecraft. Values are normalized to 1.0 at the start of
the Ulysses mission in 1991.
for the A>0 polarity cycle from 1990 to 1995 can be at-
tributed to charge-sign dependent modulation from drift ef-
fects, resulting in the peak-(electrons) and plateau (protons)
like shapes of cosmic ray intensities over the 11-year modu-
lation cycle. In both panels the latitudinal dependence of the
positivelychargedparticlesforsolarminimumperiodsisalso
visible. The latitudinal dependence of these particles along
the Ulysses trajectory results in an “additional” decrease of
the e/p and the e/He toward solar minimum compared to, for
example, measurementsatEarthfortheﬁrstfastlatitudescan
(FLS1) period. When the HMF polarity reverses after 2000
there is a steady increase in the computed intensities up to
2004, whereafter a sudden decrease is expected (see discus-
sions below). The value of scaling down drift effects in the
model via the modiﬁed compound approach presented here
can be seen when these computations are compared to other
authors, e.g. Burger and Potgieter (1999), Ferreira (2002),
etc. In contrast to the computed steady increase in these ra-
tios toward solar minimum after a polarity reversal, these tra-
ditional models predict large, sudden increases or decreases
which are not observed.
Figure 8 shows computed and observed 2.5-GVe/p (not
normalized) along the Ulysses trajectory. Three model so-
lutions are shown corresponding to three different speciﬁed
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Figure 8. Computed and observed 2.5 GV e/p (not normalized) along the Ulysses trajectory. 
Three model solutions are shown corresponding to different  scenarios  of  fixed  polarity 
reversal times in the model. The black line corresponds to a HMF polarity reversal in 2000.2 
as in Figure 6, the red line to 2000.4 and the green line to 2000.0 
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Figure 9. Computed 2.5 GV e/p along the Ulysses trajectory including predictions up to the 
next solar minimum  assumed at  ~2007. It is assumed that the tilt angle will decrease 
gradually as shown in the top left panel. In the lower left panel is the HMF magnitude, and 
the predicted values. The dark line separate observed values from predicted values. Shown in 
the right panel is the computed 2.5 GV e/p (not normalized) along the Ulysses trajectory with 
most recent observations. Two different computations are shown corresponding to two 
different (KA)0 assumed after 2004.5, in Equation 4. 
Fig. 8. Computed and observed 2.5-GVe/p (not normalized) along
the Ulysses trajectory. Three model solutions are shown corre-
sponding to different scenarios of ﬁxed polarity reversal times in
the model. The black line corresponds to a HMF polarity reversal
in 2000.2, as in Fig. 6, the red line to 2000.4 and the green line to
2000.0.
times of polarity reversal, from A>0 to A<0. The black line
corresponds to 2000.2, as in Fig. 6, the red line to 2000.4
and the green line to 2000.0. Shown here is that the mag-
netic ﬁeld polarity reversal inﬂuence model computations,
although only for approximately 1 year. This is the time scale
needed for information to travel from the inner heliosphere to
the heliopause. After 2000.4, these solutions converge again
because the whole heliosphere is then ﬁlled with heliospheric
magnetic ﬁelds corresponding to the A<0 polarity cycle. Ev-
idently, the choice of 2000.2 from a cosmic ray modulation
perspective is optimal. For earlier values the computed e/p
increases too fast, and for latter values the computed e/p de-
creases too much after 2000, which is not observed. How-
ever, in these modulation models this polarity reversal oc-
curs at a speciﬁed time-step, on the order of a solar rota-
tion, which may be contrasted to observations which predict
a longer time period of several months (see, e.g. Jones et al.,
2003)
Finally, the modiﬁed compound approach is used to pre-
dict the 2.5-GV e/p along the Ulysses trajectory up to the
next solar minimum expected at ∼2007. For this it is as-
sumed that the tilt angle will decrease gradually from present
values to ∼20◦ in 2007. This is shown in Fig. 9. Values are
shown from 1998 up to 2007. The dark line separates the
present values from the predicted values. Also shown in the
lower left panel is the heliospheric magnetic ﬁeld magnitude,
and the predicted values. Here we assumed that the HMF1068 D. C. Ndiitwani et al.: Modelling cosmic ray intensities along the Ulysses trajectory
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Figure 9. Computed 2.5 GV e/p along the Ulysses trajectory including predictions up to the 
next solar minimum  assumed at  ~2007. It is assumed that the tilt angle will decrease 
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the predicted values. The dark line separate observed values from predicted values. Shown in 
the right panel is the computed 2.5 GV e/p (not normalized) along the Ulysses trajectory with 
most recent observations. Two different computations are shown corresponding to two 
different (KA)0 assumed after 2004.5, in Equation 4. 
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Fig. 9. Computed 2.5-GVe/p along the Ulysses trajectory includ-
ing predictions up to the next solar minimum, assumed at ∼2007.
It is assumed that the tilt angle will decrease gradually as shown in
the top panel. In the middle panel is the HMF magnitude, and the
predicted values. The dark line separates the observed values from
the predicted values. Shown in the bottom panel is the computed
2.5-GVe/p (not normalized) along the Ulysses trajectory with most
recent observations. Two different computations are shown corre-
sponding to two different (KA)0 assumed after 2004.5, in Eq. (4).
magnitude will stay relatively constant. Smoothed values are
chosen for the predictions because we found that at these
energies, the cosmic ray modulation is not that sensitive to
the ﬁner details of the short-scale variations in tilt angle and
HMF magnitude. These aspects are currently under inves-
tigation. Shown in Fig. 9 is the computed 2.5-GV e/p (not
normalized) along the Ulysses trajectory with most recent
observations. Two different computations, corresponding to
two different assumed (KA)0 after 2004.5 in Eq. (4), are
shown. Figure 9 illustrates how drifts recover from almost no
drifts at solar maximum to full drifts at solar minimum. Al-
ready in 2004, (KA)0=0.5 compute realistic modulation, cor-
responding to ∼40% drifts (f2(t)(KA)0), as shown in Fig. 4.
Also shown as an upper value is (KA)0=1.0, where no addi-
tional decrease in the drift coefﬁcient, compared to the diffu-
sion coefﬁcients, was assumed. It follows that the (KA)0=0.5
scenario (red line) will result in a gradual decrease in the
computed e/p up to 2006.5, where afterwards an increase oc-
curs. For the scenario corresponding to (KA)0=1.0 (green
line) the predicted e/p will stay mostly constant for the next
few years. Future data from Ulysses observations, for exam-
ple, the e/p, will play an important role in determining the
amount of drifts present in cosmic ray modulation and in un-
derstanding particle transport in the A<0 polarity cycle.
4 Summary and conclusions
In this work, a time dependent numerical model, based on the
Parker (1965) transport equation, was utilized to calculate
realistic cosmic ray intensities along the Ulysses trajectory
from launch (1990) up to (2004) and to compare to Ulysses
observations. This approach is similar to previous efforts
by e.g. Ferreira (2002), Potgieter and Ferreira (2001), Pot-
gieter et al. (2001) and Ferreira and Potgieter (2004), who
utilized a compound approach, which combines the effects
of the global changes in the HMF magnitude with drifts,
therefore also time dependent current sheet “tilt angles”, to
establish a realistic time-dependent diffusion and drift coef-
ﬁcients. These results were then used as input parameters
to a time-dependent, 2-D cosmic ray transport model. How-
ever, it was shown by the above-mentioned authors that this
approach could largely compute realistic global cosmic ray
modulation over a full 11- and 22-year modulation cycle, but
still results in drift effects toward solar maximum which are
too large when charge-sign dependent modulation is consid-
ered.
In this work, we have shown that an additional reduction in
particledrifts(comparedtodiffusion)towardsolarmaximum
is needed to produce, for example, a more realistic charge-
sign dependent modulation. Shown in Fig. 4 was the total
percentage of drifts as needed in the transport model to com-
pute realistic modulation. Shown here is that this correlates
with solar activity, with large drifts needed for solar mini-
mum, and almost no drifts for solar maximum. For example,
during solar minimum periods drifts are large, varying be-
tween 80% and 100% for at least three years around solar
minimum. As soon as intermediate solar activity starts, with
the decrease in tilt angle, the percentage of drifts follows suit
to increase the modulation. During solar maximum condi-
tions, drifts reduced to less than 10% for most of the period,
to compute a realistic modulation along the Ulysses trajec-
tory, when compared with observations (2.5-GV electron andD. C. Ndiitwani et al.: Modelling cosmic ray intensities along the Ulysses trajectory 1069
proton and 1.2-GV electron and Helium) along the Ulysses
trajectory, as was shown in Fig. 5.
Concerning the computed latitudinal gradients it was
shown that during the ﬁrst fast latitude scan (FLS1) of the
Ulysses spacecraft (which coincides with solar minimum),
the 2.5-GV proton and 1.2-GV Helium intensities show an
observable latitudinal dependence, which disappears for the
second latitude scan (FLS2) period (which coincides with
solar maximum). This was also modeled realistically. In
contrast, both the 1.2-GV and 2.5-GV electron observations
shows no latitude dependence for both FSL1 and FLS2, a
feature which was also successfully reproduced by the com-
pound approach. From these results radial gradients in the
inner heliosphere could be computed and shown in Fig. 6. It
was shown that in the equatorial regions, and for solar mini-
mum conditions, the 2.5-GV electrons have a radial gradient
of ∼2.9%/AU while for the protons it is ∼1.9%/AU for the
A>0 polarity cycle. The latter is in good agreement with val-
ues reported by Heber et al. (2002). For solar maximum there
is a general increase in the radial gradient for both particle
species in the equatorial regions due to the small amount of
drifts present. For these extreme solar activity periods both
the2.5-GVelectronsandprotonshavealargeﬂuctuatinggra-
dient varying between 3–4%/AU (see also Heber et al., 1993;
Heber et al., 2002), increasing to even 5%/AU for shorter
time scales. After 2000.2 when the HMF polarity changes
in the model, from A>0 to A<0, there is a general decrease
in the computed radial gradient, with the radial gradient of
electrons becoming larger than that for protons, indicating
that the gradients vary with HMF polarity.
Lastly, charge-sign dependent modulation of cosmic rays
along the Ulysses trajectory, and the effect of the HMF polar-
ity reversal were also considered. Figure 7 showed a steady
decrease in the observed and computed 2.5-GVe/p and 1.2-
GVe/He ratios toward solar minimum and the steady in-
crease thereafter, for the A>0 polarity cycle. This is in con-
trast to traditional models, for example, Burger and Potgi-
eter (1999), Ferreira (2002), which predict large, sudden in-
creases or decreases, which are not observed. This indicates
that drifts need to be scaled down to compute realistic mod-
ulation. Also shown in Fig. 8 was that from a cosmic ray
perspective, the polarity reversal from A>0 to A<0 should
be around 2000.2. Finally, the modiﬁed compound approach
was also used to predict the 2.5-GVe/p along the Ulysses tra-
jectory up to the next solar minimum expected at ∼2007. We
showed in Fig. 9 that this ratio will gradually decrease from
present values up to 2006.5, where afterward an increase is
predicted. Future data from Ulysses observations, for exam-
ple, the e/p, will play an important role in determining the
amount of drifts present in cosmic ray modulation and in un-
derstanding particle transport in the A<0 polarity cycle.
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